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Introduction
Hydrogen-induced degradation of the mechanical properties of metals, commonly called hydrogen assisted cracking (HAC), is a phenomenon frequently occurring during transportation and storage of petrochemicals. Breakdown and failure of components in such infrastructures are frequently causing immense economical and ecological costs. As a result, engineers and scientists are facing major challenges to ensure the safe use of the applied structural elements.
Hydrogen can enter the microstructure during service and manufacturing processes like welding. It can drastically reduce its strength, toughness and ductility [1, 2] . Through accumulation of atomic hydrogen and its recombination to molecules, the matrix is strained and cracks can form also without external loads [3e5]. Głowacka et al. showed also that interstitial trapped hydrogen creates stress in 00H26N6 duplex steel which leads to the nucleation of dislocations. It is known that the dislocations can then act as traps for hydrogen which in turn can induce more stresses in the lattice to form new dislocations [6, 7] .
In addition to dislocations and interstitial lattice sites as potential traps, also phase and grain boundaries, voids and precipitates are known to trap hydrogen [8e11] .
The uptake and trapping of hydrogen can lead to hydrogen-assisted cracking (HAC) and loss of ductility [3, 12, 13] . In 1982, Minkovitz et al. already reported that electrochemical hydrogen-charging of AISI 304 L led to the transformation of the face-centred cubic (FCC) matrix into body-centred tetragonal (BCT) a 0 -martensite [14] . Following this publication, other research groups showed by means of Xray diffraction that the hexagonal close packed (HCP) ε-phase represents an intermediate stage of this transformation [3, 15] . The brittle nature of martensite can be reflected by the reduction of the materials ductility and a change from transgranular ductile to intergranular brittle fracture mode [11, 16, 17] . Moreover, the hydrogen diffusion in martensite is faster than in austenite [18] . Thus, hydrogen can enter the lattice more easily and accelerates the degradation process.
The aim of the present study is to visualise typical features of hydrogen degradation such as blistering, cracking and phase transformation and to correlate the global hydrogen concentration to the local distribution around microstructural features.
To this end, samples have been charged with hydrogen, and the total amount of charged hydrogen has been measured using carrier gas hot extraction (CGHE). Structural and microstructural changes in the material were identified by electron backscatter diffraction (EBSD) in combination with surface imaging in scanning electron microscopy (SEM). The local distribution of hydrogen in the microstructure was determined with time-of-flight secondary ion mass spectrometry (ToF-SIMS), using deuterium as tracer.
Although ToF-SIMS is one of few techniques capable to achieving this, the characterisation of metastable alloys like AISI 304 L is not straightforward. It is known that ion bombardment can cause transformation of the surface layer into an amorphous form or a new crystalline phase [19] . Therefore, it is necessary to carefully control the sputter process. To enhance the depth of information and to correlate chemical and morphological features, SIMS data was processed with principal component analysis (PCA) and fused with the SEM images.
Experimental

Material and specimen preparation
Subject of the experiments was the austenitic stainless steel EN 1.4307 (AISI 304 L), purchased from thyssenkrupp Schulte GmbH (Essen, Germany). The material was cold rolled before annealing and air cooling, followed by pickling and a final rolling step to a thickness of 0.5 mm. The chemical composition, measured with an optical emission spectrometer spectrotest (SPECTRO Analytical Instruments GmbH, Kleve, Germany), is shown in Table 1 .
Based on the Schaeffler-Diagram, the investigated steel should consist of 90% austenite and 10% ferrite [20] .
For the ToF-SIMS, SEM and EBSD analyses, samples with the dimension of 10 Â 10 Â 0.5 mm were cut out of a sheet by electric discharge machining (EDM). Subsequently, the specimen have been ground with SiC papers down to 4000 grit and polished on the analysis side with 3, 1 mmm and 0.25 mmm diamond suspension for 5 min per step.
After charging, EBSD and ToF-SIMS analyses of the surfaces, the cross sections were analysed after cautiously cutting the samples in half with a diamond-studded wire. In order to protect the surface from damaging, specimen were electrochemically plated with thin layers of gold and nickel beforehand. The cross-section itself was polished the same way as the surface and analysed by EBSD.
Alternatively to the mechanical surface polishing electrolyte polishing was applied. Despite a high-quality surface and excellent EBSD patterns, it decreased the hydrogen/ deuterium charging considerably which is in contrast to observations of e.g. Warrier et al. where a higher surface quality increased the uptake of hydrogen [21] . Furthermore, the applied electrolyte polishing produced a wavy specimen surface, which rendered subsequent ToF-SIMS investigations difficult.
Electrochemical charging
The use of deuterium as tracer for hydrogen was inevitable in the present study, because ToF-SIMS instrumentations can not distinguish between artificially introduced hydrogen and adsorbed, abundant hydrogen from the rest gas in the device. In comparison, another set of samples was charged with the addition of 0.01 M NaAsO 2 acting as a recombination poison.
A current density of 5 mA/cm 2 was chosen. To keep the solution oxygen-free, it was constantly purged during charging with high purity gaseous nitrogen.
Carrier gas hot extraction
The differences in the uptake of deuterium with and without the addition of NaAsO 2 were analysed with carrier gas hot extraction, using a G8 Galileo from Bruker AXS GmbH (Karlsruhe, Germany) equipped with the quadrupole mass spectrometer ESD 1000 from InProcess Instruments Gesellschaft fü r Prozessanalytik mbH (Bremen, Germany). The device was calibrated for the detection of hydrogen, therefore samples had to be charged for 24 and 48 h in 0.05 M H 2 SO 4 instead of D 2 SO 4 . It was done also with and without the addition of 0.01 M NaAsO 2 .
The sample was introduced into the analysis chamber at room temperature and heated to 673 K. This temperature was kept for 20 min, followed by heating to 1173 K and holding for another 20 min. A heating rate of 0.5 K/s was chosen in both cycles. In this approach, high purity nitrogen is acting as carrier gas for transporting the effusing hydrogen to the thermal conductivity detector. i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y x x x ( x x x x ) x x x Solubility and diffusivity of hydrogen and deuterium in steel are in the same order of magnitude [22] . However, the difference in size and behaviour must be taken into account when extrapolating the amount of deuterium based on data derived from CGHE. Based on the mass isotope effect, it is assumed that the relationship between diffusivity of hydrogen and deuterium is: 
Following this, the concentration of deuterium was then derived from the measured amount of hydrogen with:
where x D and x H are the amount of deuterium and hydrogen, respectively (cf. 3.1).
Time-of-flight secondary ion mass spectrometry
In order to analyse the deuterium distribution after charging for 24 and 48 h a TOFSIMS IV (IONTOF GmbH, Mü nster, Germany) was used. The sample was cleaned with acetone and inserted in the load lock where it was cooled to approximately À100 C and constantly purged with dry nitrogen to prevent water condensation from the rest gas. Thereafter, the sample was transferred to the analysis chamber and further cooled to z -135 C in order to reduce the mobility of deuterium in the specimen. Directly before ToF-SIMS analyses, the surface of the sample was sputtered for 2 min with 3 kV Cs þ ions in order to remove contaminations and to enhance the secondary ion yield of deuterium [4, 24] . The data was acquired using the collimated burst alignment mode (CBA) using a 25 kV Bi þ 1 ion beam, enabling a good spatial resolution down to 100 nm [25] . The region of interest (ROI) was scanned in a sawtooth mode with 512 by 512 pixels and one shot per pixel.
Data treatment and data fusion
Temperature and device instabilities required a shift correction of the raw image data. All peaks were normalised to the total ion intensity.
The fusion of SEM and SIMS data as well as the principal component analysis (PCA) were done with the software ImageLab by Epina Softwareentwicklungs-und Vertriebs-GmbH (Retz, Austria). The PCA was applied on the acquired SIMS image data to consider covariant features, such as deuterium fragments, which are bound to oxygen. Applying PCA revealed features like this and hence increased the information content significantly. The following peaks were selected for the principal component analysis: H 
Scanning electron microscopy and electron backscatter diffraction
Scanning electron microscopy images have been either captured in a Supra 40 or in a LEO 1530VP (Garl Zeiss GmbH, Oberkochen, Germany). For microstructure imaging foreand backscattered electron detectors below and above the phosphor screen of an EBSD detector e e Flash HR (Bruker Nano, Berlin, Germany) have been used. In order to gain insight into the deuterium-induced phase and microstructure changes, both SEM imaging and EBSD mapping were done at the same area before and after charging with deuterium.
An acceleration voltage of 20 and 30 kV, respectively, was chosen for both SEM imaging and EBSD investigations. The higher acceleration voltage has been selected to increase the penetration depth and interaction volume of the beam in order to compensate the electrochemical charging-induced alteration of the steel surface. Due to that, the gathered information originated from deeper layers of the material, which were less damaged.
Results and discussion
Influence of recombination poison on the charging process
The computed amount of hydrogen and the derived amount of deuterium are shown in Table 2 .
Peak 1 is the first desorption peak during heating to 673 K and peak 2 is the second maximum when heating to 1173 K. The peak at the lower temperature (peak 1) is assumed to represent reversible traps such as grain boundaries, ferrite or strain fields of dislocations [29] . Further heating introduces more energy into the sample, thus prompting also stronger traps, like vacancies and g=a 0 -interfaces, to release hydrogen [30, 31] . The results show that for both 24 and 48 h, the sample charged with NaAsO 2 contained less hydrogen than its respective counterpart. This is in contradiction to the experiences of other researchers who claim the utility as effective means to enhance the uptake of hydrogen by adding a recombination poison [3,13e15,32e35] .
To obtain information about the chemical composition of the surface layer, ToF-SIMS investigations were conducted on other samples that were charged with addition of NaAsO 2 . Fig. 1 displays the specimen surface after charging for different times.
ToF-SIMS analyses showed that the surface layer contained arsenic, oxygen, iron, nickel, carbon, nitrogen and sulphur, while only a very few deuterium has been detected. Sputter times between 15 and 45 min were required until the intensity of the deuterium signal increased. Therefore, it is assumed that a certain amount of deuterium entered the matrix before the surface layer retarded the uptake of deuterium any deeper.
Phase transformation and microstructure changes
Figs. 2 and 3 show SEM images and EBSD maps of the same areas for samples before and after charging without the addition of NaAsO 2 for 24 and 48 h, respectively.
The specimen surface in 2(a) and 3(a) have been polished to mirror level. Within certain grains, twins are visible as parallel lines. This is due to local channeling-in behaviour of the primary electron beam during scanning. After charging, the same areas exhibit a much higher roughness owing to the ingress of deuterium (cf. Figs. 2(b) and 3(b) ). This is true except for a few grains which are smoother. In comparison to the phase maps in Figs. 2(d) and 3(c) , it becomes clear that these areas have a BCC/BCT structure which existed already before charging and refer to a 0 -martensite. Although sample preparation by mechanical grinding and polishing was done with great care, martensitic transformation on the surface apparently occurred to a certain extent. In some cases entire austenite grains are changed near the surface to a thin martensite layer. Unlike this preparation-induced martensite, i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y x x x ( x x x x ) x x x d-ferrite is an intrinsic part of the investigated alloy. It origins during solidification and depends strongly on the chemical composition of the material [36] . The increased roughness of the surface can be explained by the formation of a 0 -martensite. This strain-induced transformation of austenite is characterised by a volume increase and shift of the orientation relations of the unit cell which led to a distortion of larger areas of the matrix [37, 38] Bullough et al. ascribed the surface relief to a shape deformation. Martensite evolves at the expense of the austenitic parent lattice surrounding it. The shear movement of atomic planes, concomitant with altered orientation relationships of the unit cells and the induced movement of dislocations result in this relief formation [40] .
The uptake of atomic deuterium and its accumulation increases the mean lattice plane spacing. Rozenak et al. proved this by XRD measurements on steel AISI 304 observing peak shifts to smaller Bragg angles (bigger lattice plane distances). They derived an increase of 5.8% for g and 5.5% for ε [41e43]. 
Sobol et al. investigated deuterium-induced effects in duplex stainless steels. SEM and EBSD investigations revealed that blistering exclusively occurred in the ferritic phase [4, 28, 44] . Similar features are visible in Figs. 2(b) and 3(b) when compared to the phase maps shown in Figs. 2(d) and 3(c) . The material's surface shows blisters in the BCT phase, whereby the sample charged for 48 h has a greater number. As reason for blistering an accelerated diffusion of deuterium in martensite combined with a slower diffusion in an austenite grain beneath is assumed. Thus, accumulation of deuterium at the martensite-austenite interface is expected.
The inlet in Fig. 2(c) is an image collected at a no-tilted samples in contrast to the image in (a) and (b) which are captured at typical EBSD geometry, i.e. from a 70 tilted sample surface. This enables the observation of surface fissures. Longer cracks mainly appear along grain and twin boundaries, whereas smaller secondary cracks are formed with no defined direction. The crack formation is explained by the electrochemical charging process [3,4,45e48] . According to the internal pressure theory in Ref. [49] , deuterium enters the material, accumulates and recombines. As a result of stresses, microcracks are formed at the surface. It is assumed that the concomitant deuterium-induced decrease in cohesive strength of the lattice facilitates this process [47] . An effect described by the HEDE mechanism [?]. According to Wendler et al. [20] , austenitic stainless steels with a stacking fault energy (SFE) less than 18e20 mJ/m 2 tend to martensitic transformation under mechanical load. The calculation of the SFE for the here investigated steel yields values of 15.7e18.1 mJ/m 2 , depending on the equation used [39] . This SFE indicates that a charging-induced g/ε/a 0 transformation is at least likely.
The phase distribution maps in Figs. 2(e) and 3(d) prove the assumed transformation from austenite to a 0 -martensite. No ε-martensite was detected. The comparison between Figs. 2(e) and 3(d) indicates that a higher fraction of austenite in the sample charged for 48 h transformed into martensite which is consecutive since more deuterium can enter the matrix and induce more strain [8, 10, 50] . The accumulation and assumed recombination to D 2 molecules induced pressure in the matrix providing the driving force for the strain-induced g/a 0 -transformation.
To obtain more insight into the processes of hydrogen-and deuterium-induced phase transformation, cross-sections of the examined samples were produced and analysed with EBSD. The results are shown in Fig. 4 for a sample charged for 24 h and in Fig. 5 for a specimen charged for 48 h.
The SE image in Fig. 4(a) shows a distortion of the lattice in the first 2.5e3 mm of the material. The phase maps in Fig. 4(b)e(d) reveal the partial transformation of the FCC matrix to ε-and a 0 -martensite in that depth range. It is important to point out that the transformation was exclusively located on thin, parallel lines, which can be referred to slip or deformation bands. The EBSD images of the cross-sectioned sample charged for 48 h, shown in Fig. 5 , confirm this. The strain-induced g/ε/a 0 -evolution on deformation bands in austenitic stainless steels was suggested by Olson and Cohen [51] and confirmed by several studies, e.g. Refs.
[52e55].
The concordance of the present results and the literature strongly supports the theory that deuterium affected the material the same as mechanical loads and therefore induced phase transformations in the investigated steel. Thus, it can be assumed that the uptake and subsequent accumulation and recombination of deuterium built up stress, which caused the formation of stacking faults and plastic deformation. This happened in preferred slip systems with highest Schmid factor mm [53] . Stress concentration within the emerging deformation bands led to g/ε/a 0 -transformation. 
Unlike shown in Figs. 2 and 3 , where sample preparation caused entire austenite grains to transform into a 0 -martensite, in Figs. 4 and 5 only certain areas, which can be referred to as slip bands, changed their crystal structure. The preparationinduced phase transformation would have caused the complete transformation of the cross-section, instead of localised deformation bands. Another indicator is the presence of HCP ε-martensite. This phase is the preliminary stage of the g/ε/a 0 -transformation. Because it is not stable, it would have transformed completely into BCT martensite, when exposed to the mechanical stress of the diamond-studded wire or polishing. Thus, the preparation of the crosssections can be excluded as the cause of the martensitic transformation.
The highest stress occurred near the surface because of the higher concentration of deuterium compared to the bulk. Accordingly, the meta-stable ε-martensite, which was built from the austenite, transformed completely to a 0 .
Pan et al. charged AISI 304 austenitic stainless steel with hydrogen and measured its concentration and the amount of newly formed martensite. They found that higher amounts of hydrogen caused a higher extend of phase transformation and defined a threshold of 30 wt.-ppm under which no g/ε/a 0 -transformation occurred [56] . According to this, in the present study it is concluded that the concentration of deuterium at the surface exceeded 30 wt.-ppm both after 24 and 48 h of charging. With increasing depth, the concentration decreased below the threshold and no phase transformation occurred. Comparing Figs. 4 and 5 qualitatively, differences in the penetration depth of deuterium become visible. In relation, ε-and a 0 -martensite were detected deeper in the material of the sample that was charged for 48 h. This can be expected as diffusion is a time dependent process.
Distribution of deuterium
The results of the PCA and the data fusion of ToF-SIMS and SEM images are shown in Fig. 6 . Depicted is the distribution of deuterium and its co-covariants as the PC2 score after principal component. For more information, the reader is referred to the supplemental information. The colour bar represents the signal intensity.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y x x x ( x x x x ) x x x Deuterium is distributed in the matrix heterogeneously so that different accumulation sites were identified. Ferrite and martensite grains with relatively low deuterium concentration are marked with (i). The low concentration is due to the low solubility and high diffusivity of deuterium in this phase. Thus, atoms could easily diffuse into the grain but were not trapped deeply. It is assumed that after charging stopped, deuterium was effusing from the matrix rapidly.
(ii) Also shows regions with a relatively low amount of deuterium. With comparison to Fig. 2 and 3 , it becomes clear that these grains were former austenite which transformed to martensite. The conversion of the lattice structure from FCC to BCT was accompanied by the decrease of solubility and the increase of diffusivity [18, 57] . As a consequence, most of the trapped deuterium was released from the grains.
In contrast to this are grains exemplary marked with (iii). These former austenitic grains transformed into martensite as well, but exhibited considerably higher deuterium concentrations. a 0 -martensite contains many defects like dislocations or stacking faults, which can act as traps for hydrogen/ deuterium [18, 58] . It is possible that the trapped deuterium, being released during the transformation, was re-trapped at these defects. As mentioned before, the Cs þ sputter cycle preceding the analysis had to be considered as another influential factor for phase transformation. For this reason, a series of test measurements were carried out, revealing a sputtering-induced phase transformation even in uncharged specimens at sputter times longer than 2 min. The necessary energy of the g/a 0 -transformation can not only be provided by the Gibbs free energy G g/a 0 but also by mechanical load W mech applied on the material [20] . Cooling of metastable austenitic steels increases the Gibbs free energy, but decreases austenite stability and stacking fault energy [53] . Therefore, it is anticipated that cooling down the samples in the ToF-SIMS after charging was not sufficient to start the nucleation of martensite. However, the deuteriuminduced mechanical strains that were supported by Cs þ sputtering provided the necessary mechanical driving force for this process. Because of the reduced diffusivity of deuterium at lower temperatures, its effusion from the newly formed a 0 regions was retarded, thus allowing it to be detected by SIMS. Following this, it is assumed that grains marked by (ii) transformed during charging, whereas newly formed martensite labelled with (iii) transformed after charging.
The comparison of Fig. 6 with the phase maps in Figs. 2 and 3 reveals grains with FCC structure enriched with deuterium, marked with (iv). As discussed before, austenite has a high solubility for hydrogen in comparison to BCC/BCT phases. That explains the relatively high amount of deuterium in these grains. However, it is possible that the orientation of the grain was unfavourable for the transformation from FCC to BCT structure.
Summary and conclusions
Although the high fugacity, electrochemical charging condition in the present study does not necessarily reflect in-service conditions of an application-specific counterpart, the investigated steel AISI 304 L is used in other severe conditions in chemical, petrochemical, nuclear, marine and hydrogen production industries. Despite the different availability and uptake of hydrogen, the experiments can reflect the presence of hydrogen and its distribution in the microstructure. Therefore, following conclusions can be drawn from the results:
ToF-SIMS and microscopical examinations revealed that the recombination poison NaAsO 2 led to coating of the materials surface during charging. This retarded the hydrogen uptake. Higher concentrations of hydrogen were measured with CGHE in samples charged without NaAsO 2 . The formation of blisters in BCC grains and severe roughening of the surface in the austenite were observed. Both features arose through the expansion of the lattice due to the (interstitial) solute deuterium and formation of martensite and slip bands. Longer charging times increased the number of blisters. EBSD analysis revealed that martensite was formed at the surface of the specimen and in deformation bands under the surface. Those bands were acting as nucleation sites for high-density stacking faults (ε-martensite) and a 0 -martensite. With longer charging times the outreach into the base material increased as well as the amount of transformed austenite at the surface. The comparison of SIMS and EBSD data revealed a heterogeneous distribution of deuterium in the material, depending on the crystal structure. Relatively low deuterium concentrations are determined in BCC grains and higher concentrations in FCC grains. The fusion of chemical and topographical data suggested that martensitic transformation occurs both during charging and as a result of deuterium-induced stresses and reduced austenite stability due to sample cooling. Further research on this topic has to be done to clearly identify the underlying processes.
